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ABSTRACT

In monoaxial helimagnets, the Dzyaloshinskii–Moriya interaction favors inhomogeneous distributions of the magnetization with chiral
modulations of solitonic character. In addition to the helical magnetic state at zero field, a chiral soliton lattice can be stabilized when a
magnetic field perpendicular to the chiral axis is applied. When the magnetic field is increased, the system undergoes a phase transition to
the uniform state at a critical field Bc. Above Bc, a single chiral soliton comprises the lowest level excitation over the stable uniform state,
surviving as a metastable configuration. How to retain a single chiral soliton metastable state has not been addressed yet. Using
micromagnetic simulations, we analyze this possibility by injecting spin polarized currents and put forward a feasible protocol to obtain a
state with a single chiral soliton from the chiral soliton lattice. Our proposal could be relevant in the experimental study of metastable
solitons for technological applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067682

Topology and chirality are the principal avenues along which the
field of spintronics currently transits.1 While topology is usually
related to the presence of robust states against continuous or weak
fluctuations, chirality refers to the handedness of a state that are com-
monly encountered in systems whose inversion symmetry is broken.
Both, topological and chiral features, meet together in magnetic sys-
tems where the antisymmetric Dzyaloshinskii–Moriya interaction
(DMI) plays a key role.2,3 This interaction emerges due to the space
inversion symmetry breaking and is the responsible for the stabiliza-
tion of solitonic configurations. Among them, the skyrmion is a prom-
inent representative and many important properties and
functionalities were found to be attached to the topologically non-
trivial skyrmionic texture, such as emergent electromagnetic fields, low
depinning currents, and small size.1,4–6 From data storage to informa-
tion transmission and processing,7–12 the spectrum of potential appli-
cations is a growing field since its experimental discovery in the chiral
ferromagnet MnSi.13

Another interesting topological object emerges in monoaxial chi-
ral helimagnets, a subclass of chiral magnets in which the DMI acts
along a specific direction (chiral axis) determined by the symmetry of

the underlying crystalline lattice. Besides the archetypal CrNb3S6, the
list of monoaxial helimagnets includes a wide range of magnetic com-
pounds, such as CrTa3S6, CuB2O4, CuCsCl3, Yb(Ni1�xCux)3Al9, and
Ba2CuGe2O7.

14–20 All these systems share similar magnetic properties
and, remarkably, they feature chiral modulations of the magnetization
field. Besides the zero field helical state (HL), a chiral soliton lattice
(CSL) state can be stabilized at finite magnetic field perpendicular to
the chiral axis.21–26 Furthermore, single chiral solitonic magnetic struc-
tures of topological nature are found as metastable states in monoaxial
helimagnets.27 These objects have many interesting properties for
potential applications in spintronic devices, showing advantages over
domain walls, which are severely affected by pinning effects, which dif-
ficult domain wall motion,28–30 and over skyrmions, whose external
control is hindered by gyrotropic effects.4,31,32

The magnetic phase diagram has been extensively studied from
the experimental and theoretical points of view, providing a clear pic-
ture of the field and temperature characteristics of the phase transi-
tions among stable phases.33–47 In contrast, the metastability of chiral
magnetic textures has received less attention. In particular, the meta-
stability of single chiral solitons (CSs) has recently been studied in
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Ref. 27, where the authors deduced the metastability phase diagram of
a single CS through analytical methods.

In this article, we numerically investigate how to control the
number CSs in a chiral helimagnet through the injection of spin cur-
rents. Furthermore, we detail a proposal to obtain a metastable single
CS state from the CSL, which provides a feasible experimental setup
for future spintronic devices.

The dynamical evolution of the magnetization field in a ferro-
magnet under current induced external torque is governed by the
modified Landau–Lifshitz–Gilbert (LLG) equation:

@n
@t
¼ cBeff � nþ an� @n

@t

� �
þ s; (1)

where a and c are the Gilbert damping and the gyromagnetic constant,
respectively. The vector field Beff ðrÞ ¼ � 1

MS

dE
dnðrÞ is the effective field

derived from the energy functional E. The unimodular vector field
nðrÞ ¼ MðrÞ=MS describes the local magnetization direction, andMS

is the saturation magnetization. The last term in Eq. (1), s, is the exter-
nal torque due to the spin-polarized current, and it is given by

s ¼ �bjðj � rÞnþ bbjn� ðj � rÞn; (2)

where bj ¼ PlB
eMS

, where P is the polarization degree, e is the electron
charge, and lB is the Bohr magneton. The first term is the reactive
(adiabatic) torque, and the second term is the dissipative (non-
adiabatic) torque, whose strength is controlled by the nonadiaba-
ticity coefficient b.48,49

The models describing a monoaxial chiral ferromagnet include
ferromagnetic exchange interactions, monoaxial DMIs, and single-ion
anisotropies, characterized by the stiffness constant A, the DMI
strength constant D, and the anisotropy constant K, respectively.
Thus, the magnetic energy functional is E½eðrÞ� ¼

Ð
d3reðrÞ, and the

energy density e(r) is given by

eðrÞ ¼ A
X
i¼x;y;z

@in � @inð Þ � Dẑ � n� @znð Þ � Kn2z �MSB � n; (3)

where the chiral axis is along ẑ and B is the external magnetic field.
Henceforth, we consider a magnetic field perpendicular to the chiral
axis and along the ŷ direction, B ¼ Bŷ . The corresponding effective
field in Eq. (1) reads

Beff ¼
2
MS

Ar2n� Dẑ � @znþ K ẑðẑ � nÞ þMSB
2

ŷ

� �
: (4)

This model applies to a wide range of monoaxial helimagnets; thus,
without losing generality, we chose A ¼ 1:42 pJ=m; D ¼ 369 lJ=m2;
K ¼ �124 kJ=m3, and MS ¼ 129 kA=m, which is a suitable set of
parameters to model the CrNb3S6 compound.27 The effects of the
dipolar interaction are effectively taken into account in the uniaxial
anisotropy term. This approximation is exact for a magnetization field
depending only on the z coordinate as occurs in an infinitely large sys-
tem in the xy plane,50 and it also holds for a system with periodic
boundary conditions along the z coordinate provided that the spatial
average of nz vanishes, hnzi ¼ 0, a condition approximately fulfilled in
our simulations (see supplementary material note 1). Dipolar surface
effects can be neglected since the typical length scales are larger than
A=KS � 10 nm, with KS the surface anisotropy. We neglect thermal

effects working at zero temperature, which provides reliable results for
finite temperatures well below the Curie temperature Tc.

Our numerical studies and results are found on the basis of
micromagnetic simulations using the MuMax3 numerical code, which
provides an efficient environment for the integration of the LLG equa-
tion in a vast variety of conditions.51,52 In dealing with monoaxial heli-
magnets, the introduction of the DMI must be properly addressed. For
this purpose, we have adapted the conventional DMI package in order
to account for this monoaxial character.27,53 Our implementation for
the DMI correctly describes the behavior of the CrNb3S6 com-
pound;21–24,54 namely, it exhibits a helical state (HL) at zero magnetic
field and a CSL (comprised of a periodic array of CSs) for finite mag-
netic fields [see Fig. 1(a)] up to the saturation field Bc � 228mT [see
supplementary material note 2, Fig. S1(a)]. Furthermore, effects associ-
ated with the transitions between different topological sectors in finite
size systems55–57 are well described by our simulations as shown in
supplementary material note 2 and Figs. S1(b)–S1(d). In this case, the
number of CSs in the ground state decreases with the magnetic field.58

Furthermore, for a system of length Lz ¼ 500 nm, we present in

FIG. 1. (a) A representation of helical (HL), chiral soliton lattice (CSL), and single
chiral soliton (CS) states. (b) Difference in energy between the stable state and the
first metastable state. If the stable state contains N solitons, the first metastable
state might comprise Nþ 1 (closed circles) or N � 1 (open circles) solitons. For
B > Bc , the single CS is the first metastable state.
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Fig. 1(b) the difference in energy between the stable state and the first
metastable state DEN ¼ minfENþ1 � EN ; EN�1 � ENg, with N the
corresponding number of solitons at a given value of B. This shows
that while the first metastable state containsNþ 1 or N� 1 CSs below
Bc, for B > Bc the single CS is the first metastable state.

At this point, it is extremely important to analyze the stability
limits of the CS state. This permits us to fix the range of magnetic
fields (perpendicular to the chiral axis) where the CS state can be cre-
ated and retained. Indeed, we have shown, using micromagnetic simu-
lations, that the single CS state can be metastably found in a wide
range of magnetic fields, 0 < B < B�z � 1490mT (see supplementary
material note 3). This result is in excellent agreement with that
obtained analytically B�z � 1493mT.27

Since the CSL is the stable state at finite but low magnetic field,
we can take this many-soliton state as the starting condition to create a
single CS state. In principle, this could be achieved by tuning the mag-
netic field in a narrow region below and very close to Bc. The fact that
the number of CSs varies dramatically in this region makes the control
of this process a difficult task. It has been shown that soliton nucle-
ation can be controlled by applying dynamic strain.59 Instead, we pro-
pose to use a spin-polarized current applied to the CSL to finally reach
a state with a single CS. Although the topological character of the CSs
and the repulsive interaction between them prevent their decay and

collapse into the trivial FM state, when pushed against each other it is
possible to destroy the solitons one-by-one if the driving force is strong
enough.

We consider the setup schematically shown in the inset of
Fig. 2(b) in which the current has opposite directions on each half of
the system. This setup was originally studied by Koumpouras et al.,60

where the authors showed that in a two-soliton line the destruction of
a CS occurs when they are pushed against each other. To analyze this
phenomenology, we perform micromagnetic simulations on a system
of size Lx � Ly � Lz ¼ 1� 1� 500 nm3, discretized in cubic cells of
volume 1nm3 with periodic boundary conditions. Taking as the initial
configuration a random perturbation around an homogeneous mag-
netic configuration along the chiral axis, the system is let to relax at a
fixed magnetic field B ¼ 10mT, resulting in a metastable state corre-
sponding to a CSL with N¼ 13 magnetization rotations (2p rotations
around the chiral axis). We chose P¼ 1, a ¼ 0:01, and b ¼ 0:02 for
the polarization degree, the Gilbert damping, and the nonadiabaticity
constant, respectively. The strength of the current density grows line-
arly with the time from j¼ 0 A/m2 up to jmax ¼ 2:75� 1012 A/m2 as
shown in Fig. 2(a) (see supplementary material note 4).

In Fig. 2(b), we show (in red) the evolution of the energy density
during the application of the current protocol. When the current density
ramp is applied the energy density first increases, showing a sudden

FIG. 2. Destruction of CSs by opposing currents. (a) Current density as a function of time. Energy density (red) and winding number (blue) as a function of time for the system
with periodic boundary conditions (b) and for the system with engineered edges (c). The insets of (b) and (c) show the corresponding setups. In (d), snapshots of the magneti-
zation field at selected times are shown [as indicated in (b)] for the system with periodic boundary conditions: (i) initial state with 13 solitons before the current is applied,
(ii) state with 13 solitons after the current is applied, (iii) state after the destruction of four CS, and (iv) final state, in which a single soliton remains, after the current is turned
off. In (b)–(d), the magnetic field is B ¼ 10 mT. (e)–(f) Phase diagrams in the j � B space for a system with engineered edges, obtained by applying a 20 ns square current
density pulse of intensity j to (e) the equilibrium state, whose number of solitons depends on B, and (f) to a metastable initial state with N¼ 9 solitons. The red, yellow, and
blue regions correspond to final states, which contain more than one soliton (Q> 1), exactly one soliton (Q¼ 1), and no soliton (Q¼ 0), respectively. In the hatched region,
the initial state is the equilibrium state, which contains N¼ 9 solitons.
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drop around t ¼ 12:5 ns. After this (12.5 < t < 26:5 ns), we recognize
a series of cusps. In the final stretch (t> 26.5 ns), when the current den-
sity reaches it maximum value and then drops to zero, we see two subse-
quent plateaus. The cusps in the energy density are accompanied by the
destruction of one CS at a time. This can be seen directly from the mag-
netization configuration, and we can quantify the number of CSs
through the winding number Q ¼

P
i arcsin½ðn?;i � n?;iþ1Þ � ẑ�
� �

,
where the sum runs over the number of cells along the chiral axis
and ẑ � n?;i ¼ 0. This quantity measures the number of times the
n? component winds around the chiral axis, and therefore, it is a
measure of the number of solitons in the system. As shown in Fig.
2(b) (in blue), concomitantly with the cusps in the energy density,
Q decreases in unitary steps, as a result of the destruction of one
soliton in the system. At t � 24 ns, the system ends up with one CS
(Q¼ 1) localized at the center whose width is D¼ 80 nm when the
current is turned off [see Fig. 2(d)-iv], which is consistent with the
expected width D¼ 83 nm from analytical results.27 The modula-
tion of the CS train varies with the position along the chiral axis
when the current is applied, being longer at the opposite extremes
and shorter at the center of the system as shown in Figs. 2(d)-
(i)–2(d)-(iii) for the transition from N¼ 13 to N¼ 9. The destruc-
tion process of a single soliton involves strong variations of the
magnetization field in the center of the system, in particular in the
nz component (see supplementary material note 4).

Since our previous simulations were carried out using periodic
boundary conditions, it is natural to ask if our results are still valid for
system of finite size with open boundary conditions along the chiral
axis (and periodic boundary conditions along the other two direc-
tions), an even more realistic situation. It is well known that in this
case, the DMI induces non-trivial boundary conditions.53,61 The most
important consequence of these boundary conditions is that the DMI
induces a spatial rearrangement of n along the chiral axis at the ends
of the sample, known as chiral twists.61–65 The scale of these rearrange-
ments is characterized by the ratio A/D. These chiral twists, which are
relevant to the present work since they are due to the surface energy
barriers governing the CSs penetration from the edges,45,46,66 are auto-
matically taken into account by the implementation of open boundary
conditions. However, a detailed discussion of chiral twists is outside
the scope of this work. Under the action of the torque due to the spin-
polarized current, the creation of CSs at the boundary of the system is
promoted, which subsequently move to the center of the sample.
Though the destruction process is still present at the center of the sam-
ple, the creation of solitons occurs simultaneously and the number of
solitons does not decrease when an electrical pulse is applied (see sup-
plementary material note 5). Thus, the concept discussed previously
turns out to be inefficient for the open system. In order to circumvent
this problem, we induce a strong easy-axis anisotropy at both ends of
the sample. The easy-axis should be perpendicular to the chiral axis.
The relevance of the easy-axis at both ends of the sample is twofold.
First, it strongly confines the solitonic states inside a finite region (see
Ref. 58). Second, and more important, the strong boundary conditions
imposed by these easy-axis inhibit the surface induced creation of CSs
that would otherwise occur in the open system.

We then consider an open system with engineered edges, i.e.,
with both ends of the system properly designed to have different mag-
netic properties. At both ends of the system, we put a hard ferromag-
net modeled by two pieces of 50 nm long with parameters A0 ¼ A and

K 0 ¼ jKj, for the stiffness constant and the uniaxial anisotropy (easy-
axis along ŷ), respectively. In between, we insert a 500nm long chiral
magnet as considered previously. With these improvements, the open
system behaves in the same way as that with periodic boundary condi-
tions [see Fig. 2(c) and supplementary material note 6]. Thus, through
the procedure of the previous discussion, we can obtain a metastable
state with any number of solitons fixed by the final value of the current
density ramp. Therefore, we might conceive that a desired state with
fixed number of solitons can be reached by applying a square current
pulse of the appropriate time duration and current density intensity.
Figures 2(b), 2(c), and S5(b) show that the energy relaxation following
the cusp is fast, for both the system with periodic or with engineered
edges, and then we set the time duration of the current pulse to 20 ns.

It is very interesting to study the number of solitons remaining in
the final state as a function of the current intensity. To this end, we
apply a 20ns square current pulse and compute the number of CSs in
the final state, after the current has been removed. The result is shown
in Fig. 2(e) for the system with engineered edges and the equilibrium
state as initial condition, when j ¼ 0A=m2. The figure shows the
regions on the j � B space where the final state contains more than one
soliton (red), exactly one soliton (yellow), and no soliton (blue). We
notice that the final state contains exactly one soliton in a wide region of
the j � B phase diagram, which is very important since it means that it
is not necessary to fine-tune the current intensity or the pulse duration
to end up with a single soliton. The same plot is shown in Fig. 2(f) for
the case in which the initial condition is a state with N¼ 9 solitons,
which is the equilibrium state only in the hatched region. The figure is
very similar to Fig. 2(e), which proves that the final state topology is
basically independent of the initial state, and depends only on the inten-
sity of the applied current (see supplementary material note 7).

Summarizing, we propose the following strategy to obtain a
single soliton metastable state in a monoaxial helimagnet:
Considering a sample with edges engineered so that a strong easy-
axis anisotropy appears at the edges, apply a low magnetic field, so
that the equilibrium state is a CSL, and inject a pulse of opposed
currents from the center of the sample. The solitons from both
sides of the sample move toward the center, where they are
destroyed one-by-one until exactly one remains. Afterward, the
pulse current is removed and the single soliton state survives as a
metastable state. If desired, the applied field can be slowly
increased beyond the critical field, where the equilibrium state is
FM and the single soliton state is still metastable. Remarkably, this
strategy exhibits a strong robustness against the magnetization dis-
tribution in the initial state. In light of this, our results show that
the proposed protocol to obtain single CSs is a promising setup for
experimentally testing their metastability.

See the supplementary material for details on the validation of
the micromagnetic simulations and for the results of additional
micromagnetic simulations on the chiral soliton metastability and
creation.
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